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SQUID susceptometers
Superconducting QUantum Interference Device (SQUID) microscopy has excellent
magnetic field sensitivity, but suffers from modest spatial resolution when compared
with other scanning probes. This spatial resolution is determined by both the size
of the field sensitive area and the spacing between this area and the sample surface.
In this paper we describe scanning SQUID susceptometers that achieve sub-micron
spatial resolution while retaining a white noise floor flux sensitivity of ≈ 2µΦ0/Hz1/2.
This high spatial resolution is accomplished by deep sub-micron feature sizes, well
shielded pickup loops fabricated using a planarized process, and a deep etch step that
minimizes the spacing between the sample surface and the SQUID pickup loop. We
describe the design, modeling, fabrication, and testing of these sensors. Although sub-
micron spatial resolution has been achieved previously in scanning SQUID sensors,
our sensors not only achieve high spatial resolution, but also have integrated mod-
ulation coils for flux feedback, integrated field coils for susceptibility measurements,
and batch processing. They are therefore a generally applicable tool for imaging sam-
ple magnetization, currents, and susceptibilities with higher spatial resolution than
previous susceptometers.
PACS numbers: 85.25.Dq,07.55.-w
Keywords: SQUID, scanning, microscopy
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I. INTRODUCTION
A SQUID is a superconducting ring interrupted by one or two Josephson weak links.
SQUID microscopy1–6 scans a SQUID to image the magnetic flux above sample surfaces.
It has the advantages of high sensitivity, an easily calibrated, linear response to magnetic
flux, and minimal interaction between the sensor and the sample. The spatial resolution of
a scanning SQUID magnetometer is determined by the area of either the SQUID itself or of
a pickup loop integrated into the SQUID, as well as the spacing between this area and the
sample surface. The sensitivity of a SQUID magnetometer to a localized field source is also
determined in part by these two factors.
There are two principle strategies for achieving high spatial resolution in SQUID mi-
croscopy. The first is to use small SQUIDs.7? Such small SQUIDs are made either by
fabricating them from a single planar superconducting layer, with the Josephson junctions
composed of narrow constrictions,8–10 or by using the “SQUID on a tip” technology, in which
a SQUID is fabricated by evaporating superconductors onto the end of a hollow pulled glass
cylinder.11,12 This strategy has the advantages of simplicity and no spacing layers between
the flux sensing area and the sample surface, but the disadvantages that 1) a feedback flux
to the SQUID to operate at the most sensitive flux position and linearize the response would
also apply a large field to the sample itself, and 2) to date these sensors do not make local
susceptibility measurements.
The second strategy for producing high spatial resolution scanning SQUIDs, which is
the one that we follow in the present work, is to integrate a small pickup loop into a more
conventional SQUID.2,4,13–15 This strategy allows incorporation of both a flux modulation
coil into the body of the SQUID and a field coil near the pickup loop for making local sus-
ceptibility measurements.16,17 In this paper we describe SQUID susceptometers that achieve
full-widths at half-maximum of 0.5 µm in images of magnetic nanoparticles. This high spa-
tial resolution is accomplished by deep sub-micron feature sizes, well shielded pickup loops
fabricated using a planarized process, and a deep etch step that makes it possible for the
surface of the SQUID sensor directly above the pickup loop to contact the sample surface.
We describe the design, modeling, fabrication, and testing of these sensors.
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FIG. 1. Schematic for our susceptometers, showing the bias current leads (I), the modulation
coil leads (M), the field coil leads (F.C.), and the Josephson junctions (X). The semi-transparent
regions represent superconducting shielding. The central junction/shunt/modulation coil region,
as well as the current leads and the leads between the pickup loops and the junction region are
shielded with superconducting coaxes. The field coil and modulation coil leads are on top of
shielding ground planes.
II. LAYOUT AND DESIGN
A. Layout
A schematic of our susceptometers is shown in Figure 1. The basic layout follows closely
that of Huber et al.18, which was in turn based on previous susceptometer designs.17,19 This
layout has a gradiometric design, such that the resultant SQUIDs are insensitive to uniform
magnetic fields. The modulation coils are integrated into the body of the SQUID, and single
turn field coils surrounding each pickup loop apply magnetic fields to the sample for local,
gradiometric susceptibility measurements. This layout has low sensitivity to uniform fields
and small parasitic inductance in series with the junctions, although there is high parasitic
capacitance in parallel with the junctions.
The layout for our susceptometers is shown in Figure 2. Each chip is 2 mm × 2 mm in
size. The same color scheme is used for the layers in Fig.’s 2, 3, 4, 5, 8 and 13. The layout
for the susceptometers is rotated with respect to the earlier design18 such that one of the
pickup loops is close to a corner of the chip. This, combined with a deep etch step, allows
close proximity of the pickup loop to the sample surface without further processing. The 500
µm long leads from the junction area to the pickup loops are superconducting coaxial until
the last 50 µm. The current leads to the SQUID are superconducting coaxes, and the leads
4
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FIG. 2. Full chip layout of our susceptometers. The current bias, modulation coil, and field
coil bonding pads are labelled I, M , and F.C. respectively. Expanded views of the junction/mod
coil/shunt region are in Fig. 3, and expanded views of one of the pickup/field coil regions are in
Fig. 4.
to the modulation coil and the field coil are shielded by superconducting ground planes.
An expanded view of the central region of the susceptometer is shown in Fig. 3. Fabri-
cation (see Sec. III) begins by defining the Nb/Al2O3/Nb trilayer base electrode (BE) and
counter-electrode (CE) (Fig. 3 (a)). In the junction regions are large area trilayer counter-
electrodes acting as vias to the base electrode in series with the smaller area junctions. The
first wiring level (W1) carries current from the bonding pads, around the modulation coils,
through the junctions and shunt resistors out to the pickup loops, and back as indicated by
the white arrows in Fig. 3(b). Vias through the SiO2 layer (I2, Fig. 3(c)) make contact
between W1 and W2 to form coaxial shielding for the pickup loop leads. The Au/Pd resistor
layer (R0, Fig. 3(c)) forms shunt resistors in parallel with the junctions. “Band-aids” were
added during the processing run, when it was discovered that there was poor conductance
between W1 and R0 from underneath, to make low resistance contacts from the top (Fig.
3(d)). The second wiring level W2 (Fig. 3(e)) acts to shield the pickup loop leads. W2
5
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FIG. 3. Layout of the central region of our susceptometers, with the panels arranged in order of
deposition. Next to each panel is a schematic, with the completed sections black, the uncompleted
sections gray, and superconducting shielding in transparent blue. (a) The base electrode (BE)
and counter-electrode (CE) of the tri-layer form the lower shielding layer, the junctions, which are
the small dots, and vias to the first wiring level. (b) The first wiring level (W1) provides current
paths out towards the pickup loops and back as indicated by the arrows. (c) The Au/Pd (R0)
layer forms the shunt resistors, and I2 provides vias through the SiO2 between W1 and W2. (d)
The Band − aids connect W1 and R0. (e) The second wiring level (W2) forms the upper shield
and the modulation coils.
also forms the modulation coils, which surround holes in BE that are 5 µm in diameter,
smaller than the 10µm diameter modulation holes in the earlier design,18 to reduce the total
inductance.20
In SQUID microscopy there are tradeoffs between spatial resolution and sensitivity that
depend in detail on the type of field source.6 Therefore we designed and fabricated four
different pickup loop/field coil pairs (Figure 4). We will concentrate in this paper on results
from the 0.2 µm inside diameter pickup loop devices shown in Fig. 4 (a). In Figure 4 RIE
6
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FIG. 4. Pickup loop/field coil layouts for 4 different pickup loop sizes. (a) 0.2 µm inside diameter,
(b) 0.6 µm inside diameter, (c) 2µm inside diameter, and (d) 6 µm inside diameter. Selected
dimensions are given in Table I.
(reactive ion etch) is the 10µm deep etch, the field coil is composed of the base electrode
(BE), the pickup loop and the shield for the field coil are composed of the first wiring
level (W1), and the upper shield for the pickup loop is composed of the second wiring level
W2. Not visible is a lower shield composed of BE for the pickup loop. The 0.2 µm inside
diameter pickup loop is the smallest that can be fabricated given the constraints of 0.2 µm
linewidths and spacings in our lithography.
As mentioned above, the spatial resolution in SQUID microscopy is not only set by the
size of the effective pickup loop area, but also by the spacing between this area and the
field source. In our SQUID susceptometers, this spacing is the sum of two distances (see
Figure 5): The first is the spacing between the top layer of the sensor and the pickup loop.
The second is the spacing between the sample surface and the top surface of the sensor.
In optimizing our geometry there is a trade-off between minimizing the first spacing, which
requires a thin top pickup loop shield (W2), and minimizing the pickup from the leads,
which requires a thick W2 layer. We opted for a W2 thickness of 0.2µm, about twice the
London penetration depth of Nb.
The spacing between the 10 µm deep etch and the center of the 0.2 µm inside diameter
pickup loop is 3 µm. In addition, the spacing between the 10µm deep etch and the dicing
channel of the chip is about 120 µm. This means that without additional processing the
angle between the susceptometer and the sample must be less than 5o for the etched edge to
7
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FIG. 5. (a) Top view of the layout of our 0.2µm inside diameter pickup loop susceptometer.
(b) Cross-sectional view through the plane labelled by A− B in a). When the angle between the
susceptometer and the sample surface is more than 4o the edge of the 10 µm deep etch touches
the sample first. When the angle is less than 4o the edge of the W2 shield touches first. The
minimum spacing between the top of the pickup loop and the sample surface is ≈ 0.33 µm for this
susceptometer.
touch first. If this angle is less than 4o, the top edge of the W2 shield touches first. At any
angle less than 4o, when the sensor is touching the sample the spacing between the sample
surface and the top of the pickup loop is approximately 0.33 µm, which is the sum of the
W2 and I2 thicknesses. All of the imaging data presented in this paper was taken with a
0.2 µm inside diameter pickup loop susceptometer with a deep etch, oriented relative to the
sample at an angle less than 4o.
B. Design parameters
We used the rules established by Tesche and Clark21 to choose our susceptometer pa-
rameters to minimize noise. We estimate22,23 the inductance of our devices as follows: the
modulation coil region contributes about 35pH, the coaxial leads to the pickup loops about
5.6pH/mm x 0.8mm = 4.5 pH, the transition to the pickup loops about 10pH, and a typical
2 µm diameter pickup loop another 1.5pH24 - totaling about 50pH. This would imply an
optimal critical current of I0 = Φ0/2L = 20µA. We targeted our junction critical currents at
25µA per junction. At our target critical current density of 1kA/cm2 the junction capaci-
tance is about25 59 fF/µm2×2.5µm2 = 147 fF. However, there is also the parallel capacitance
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of the modulation coil area between the junctions. We estimate there to be about (50µm)2 of
such area. Taking the dielectric constant of SiO2 to be 4.75 and the oxide thickness to be 0.1
µm yields a parasitic capacitance of about 1 pF. Then the critical Stewart-McCumber26,27
shunt resistance would be Rshunt =
√
Φ0/2piI0C = 3.6Ω. Our design values for the shunt
resistors were 4 Ohms and 2 Ohms. The resulting devices had resistances of about 2 Ohms.
An earlier run, which had design values for the shunt resistors of 8 Ohms, resulted in hys-
teretic SQUIDs. These SQUIDs displayed relaxation oscillations28 when operated in series
with an array amplifier with high input inductance.29 The contribution to the total SQUID
flux noise S
1/2
Φ from thermal noise in the (2 Ohm) shunt resistors in our susceptometers as
designed is predicted to be21 S
1/2
Φ ≈
√
8kBTL2/R = 0.4× 10−6Φ0/Hz1/2 at 4.2K.
C. Calculated magnetic response
1. Model
When the device dimensions are comparable to the London penetration depth (which we
take to be 0.08 µm in Nb) it is important to take into account the Meissner screening of
the full 3-dimensional device geometry. For this purpose we followed a prescription given by
Brandt,30 which we summarize here for completeness. The three-dimensional super-current
density ~j in a magnetic field ~H is described by London’s second equation:
∇×~j = − ~H/λ2, (1)
where λ is the London penetration depth. For a film of thickness d comparable or thinner
than λ in the xy plane we integrate over z to obtain
∇× ~J = − ~H/Λ, (2)
where ~J is the two-dimensional super-current density and Λ ≡ λ2/d is the Pearl length.
Brandt defines a stream function g(x, y) such that
~J = −zˆ ×∇g = xˆ∂g
∂y
− yˆ ∂g
∂x
. (3)
Then London’s second equation becomes
Hz(x, y) = Λ∇2g(x, y) (4)
9
SQUID susceptometers
The stream function g(x, y) can be expressed as a density of current dipoles. Then the total
z-component of the field in the plane of a 2-d superconductor is written as
Hz(~r) = Ha(~r) +
∫
S
d2r′Q(~r, ~r′)g(~r′), (5)
where Ha(~r) is the externally applied field, and
Q(~r, ~r′) = lim
z→0
2z2 − ρ2
4pi(z2 + ρ2)5/2
, (6)
with ρ = |~r − ~r′|. Writing Eq. 5 and 6 as discrete sums:
Hz(ri) = Ha(ri) +
∑
j
Qijwjg(rj), (7)
where wj is a weighting factor with the dimensions of an area, and
Qi 6=j =
−1
4pi|~ri − ~rj|3 ≡ −qij. (8)
Qij is highly divergent for small values of ρ. Brandt notes that the total flux through the
plane z = 0 from any dipole source is zero in the absence of an externally applied field.
Then for any ~ri in the superconductor
0 =
∫
d2r′Q(~ri − ~r′) =
∑
j
Qijwj +
∫
S¯
d2r′Q(~ri − ~r′). (9)
The discrete sum in Eq. 9 is over the area inside the superconductor and the integral is over
the area (S¯) outside the superconductor. But the integral can be written as∫
S¯
d2r′Q(~ri − ~r′) =
∫
S¯
d2r′
−1
4pi|~ri − ~r′|3 ≡ −C(~ri) =
∮
dφ
4piRi(φ)
, (10)
where the last integral is over the angle φ between a fixed axis and a vector between the
point ~ri and a point on the periphery, and Ri(φ) is the length of this vector. Returning to
discrete sum notation,
Qij = (δij − 1)qij + δij(
∑
l 6=i
qilwl + Ci)/wj (11)
Eliminating Hz from equation’s 4 and 7 results in
Ha(ri) = −
∑
j
(Qijwj − Λ∇2ij)g(rj) (12)
10
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Inverting Eq. 12 results in the solution for the stream function:
g(~ri) = −
∑
j
KΛijHa(~rj), (13)
with
KΛij = (Qijwj − Λ∇2ij)−1 (14)
We first calculate the KΛij matrix given the geometry and Pearl length Λ from Eq.’s 10,
11, and 14 (in that order), calculate the stream function from Eq. 13, and then calculate
the total field anywhere in the same plane for a given source field from Eq. 7. The three
components of the field for any position with zi 6= zj are given by
Hz(ri) = Ha(ri) +
∑
j
wjgj
2(zi − zj)2 − ρ2
4pi((zi − zj)2 + ρ2)5/2
Hx(ri) =
∑
j
3wjgj
(zi − zj)(xi − xj)
4pi((zi − zj)2 + ρ2)5/2 (15)
Hy(ri) =
∑
j
3wjgj
(zi − zj)(yi − yj)
4pi((zi − zj)2 + ρ2)5/2 .
Following Brandt we replace a detailed (and time consuming) calculation of Ci from Eq.
10 with the analytical expression for a rectangular area |x| ≤ a, |y| ≤ b which encloses the
superconducting shapes of interest:
C(x, y) =
1
4pi
∑
p,q
[(a− px)−2 + (b− qy)−2]1/2 (16)
with p, q = ±1.
We used Delaunay triangulation? to tile our surfaces, with a simplified version of the
prescription by Bobenko and Springborn? to construct the Laplacian operator:
∇2i,j =
1
w
Ni∑
j=1
(δi,j − δi,i) (17)
where the sum is over the Ni nearest neighbors of the i
th vertex, and w = ab/Nv, with ab
the enclosing area (see Eq. 16) and Nv the number of vertices in the triangulation. Eq. 17
holds exactly for a square lattice, and also works well for a triangular lattice with sufficiently
dense vertices.
Finally, Brandt provides a prescription for including externally applied currents. Assume
for the moment that there is a delta function current I at the inner edge of a superconducting
11
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shape with a hole in it. This is equivalent to applying an effective field
Heffa = −I
∑
j in hole
(Qijwj − Λ∇2ij) (18)
The supercurrents generated in response to this field are described by the stream function
g(~ri) = −
∑
j in film K
Λ
ijH
eff
a (~rj) ~ri in film
= I ~ri in hole
= 0 ~ri outside film (19)
The fields generated by the current are then calculated from Eq. 7 as before.
Our devices consist of multiple levels of superconducting films. In our calculations we
treated each film as 2-dimensional, with its in-plane (xy) shape given by our design files, but
its z-position given by the average of the top and bottom heights of the film. In principle, the
response of multiple films can be handled iteratively- using the sum of the responses of all of
the films to the source field, and using this sum (plus the source) as the source for the next
iteration. However, these calculations are quite time consuming, and the iterative technique
does not converge quickly. In practice, to calculate the response to magnetic fields of our
susceptometers we started with the superconducting film closest to the source, calculated
its response to an externally applied field, used the source plus response field from this film
as the source for the next film, etc. As we will see in Sec. IV, these calculations, except
for the smallest pickup loop, tend to overestimate the mutual inductance between the field
coil and the pickup loop in our geometry by about 20%. In our fits of the response of the
susceptometers to various field sources, such an overestimation can result in fit heights that
are lower than seems physically reasonable by a few tenths of a micron.
2. Calculations of magnetometry
To calculate the response of our sensors to various field sources we substituted an assumed
field distribution Ha(~rj) into Eq. 13 to find stream functions for the various superconducting
shapes, used the first of Eq.s 15 to calculate the total field (source plus response fields) at
the level of the pickup loop, and numerically integrated over the geometric mean area of the
pickup loop to obtain the flux.
12
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FIG. 6. (a) Calculated flux signal (in units of Φ0) for a point monopole source with total flux Φ0
for a 0.2 µm inside diameter pickup loop susceptometer scanning in contact with the surface of the
superconductor. The solid lines are outlines of the pickup loop/field coil layout. In this calculation
the z-positions of these films are assumed to be the average heights of the levels as displayed in
Fig. 8. (b) The data displayed as diamonds and squares are cross-sections through the image in
(a) as indicated by the dashed lines. Cross-section A−A′ is offset vertically by 0.1 Φ0 for clarity.
An example is displayed in Figure 6, which shows the results of our calculations assuming
a point source (monopole) vortex with total flux Φ0 (Ha(~rj) = Φ0zj/2piµ0r
3
j in Eq. 13), with
the zero in zj located at the top of the W2 layer - corresponding to the W2 shield in direct
contact with the sample surface. The solid lines in this figure outline the various layers
in the pickup loop/field coil region. One can see from Fig. 6 (a) that the susceptometer
response extends outside of the pickup loop region, due to flux spreading from the top of the
W2 shield to the center of the pickup loop level. There are also “tails” to the field response
due to flux penetration through and around the W2 shield in the area of the pickup loop
leads. The diamond and square symbols in Fig. 6 (b) are cross-sections along the dashed
lines in Fig. 6 (a). These cross-sections, which represent the ultimate spatial resolution of
this sensor in the presence of a superconducting vortex, have full widths at half-maximum
of 0.75 µm and 1 µm for cross-sections perpendicular and parallel to the leads respectively.
3. Calculations of susceptibility
To calculate susceptibility, we use Eq. 19 to obtain the stream function of the field coil in
the presence of an applied current. We then use the first of Eq.’s 15 to obtain effective fields
13
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(a)	 (b)	 (c)	
(d)	 (e)	 (f)	
FIG. 7. Calculated components of the magnetic field in the zˆ (a), xˆ (b), and yˆ (c) directions,
normalized by the total current, due to a current in the field coil of our smallest pickup loop
susceptometers, at a spacing of z=0.75 µm from the plane of the field coil. The solid lines overlaid
on the field images are the layout of the pickup loop/field coil region. The solid lines in (d), (e),
and (f) are cross-sections through the calculated fields at spacings of z=0.75, 1.0, and 1.25 µm
along the positions indicated by the dashed lines in (a), (b), and (c) respectively. The dashed lines
in (d), (e), and (f) are calculated fields from a circular, narrow wire, as indicated by the dashed
circles in (a)-(c), for comparison.
to insert into Eq. 13 for the other superconducting shapes. The magnetic fields at various
spacings, calculated using Eq.s 15, are displayed in Figure 7 for our smallest pickup loop
susceptometers. One can see from the images of Fig. 7 (a)-(c) that the fields generated by
the field coil are spread out by its finite width, and distorted by Meissner screening of the
shield layers. The solid lines in Fig. 7(d)-(f) are cross-sections along the straight dashed lines
in Fig. 7(a)-(c). For comparison, the dashed lines in Fig. 7(d)-(f) represent the calculated
14
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SiO2	 CE	 R0	W1	 Band-aid	 W2	
FIG. 8. Cross-section of the three level of metal, niobium trilayer process used. The yellow
layers are insulating SiO2, the green layer is a Au/Pd shunt resistor, and all other layers are
superconducting Nb. Contacts to the trilayer through the Al2O3 insulator between BE and CE
were used both as Josephson junctions (small areas) and vias (large areas).
fields from a circular, narrow wire of radius c carrying a total current I:
Hz =
I
4pi
∫ 2pi
0
dθ
c2 − cy sin θ − cx cos θ
((x− c cos θ)2 + (y − c sin θ)2 + z2)3/2
Hx =
I
4pi
∫ 2pi
0
dθ
cz cos θ
((x− c cos θ)2 + (y − c sin θ)2 + z2)3/2 (20)
Hy =
I
4pi
∫ 2pi
0
dθ
cz sin θ
((x− c cos θ)2 + (y − c sin θ)2 + z2)3/2 .
Here c = 0.79µm is the geometric mean of the inside (ri = 0.5µm) and outside (ro = 1µm)
radii of the field coil: c =
√
(r2i + r
2
o)/2. The thin wire approximation is in reasonably good
agreement with the full calculation, despite the distortions of the field caused by Meissner
screening from the various superconducting films in our sensors.
The field coil fields can then be applied to a sample, the response fields calculated, and
then integrated over the pickup loop to obtain a susceptibility. Results for a superconducting
shape using this procedure will be presented in Sec. IV B.
III. FABRICATION
We used a three level of metal, niobium trilayer31 process on 200 mm diameter silicon
wafers to fabricate these devices. This process is an extension of the original approach
used to fabricate sub-µm Josephson junctions and SQUIDs using Nb-AlOx-Nb trilayers in
combination with chemical mechanical polish planarization.32 An ASML 248 nm stepper was
used for the lithography of all but the pickup loop features (in W1). The pickup loop was
fabricated using an ASML 193 nm scanner, which had a minimum feature size and spacing
15
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of 0.2µm. A cross-sectional view illustrating this process is shown in Figure 8. All levels of
metal except for the second wiring level were planarized by chemical-mechanical polishing
(CMP). Briefly, the fabrication process was as follows: the silicon wafers were thermally
oxidized to provide an insulating layer of 300 nm thick SiO2. A Nb/Al2O2/Nb trilayer
was deposited by sputter deposition. The aluminum was thermally oxidized to provide a
1kA/cm2 critical current density for the Josephson junctions. The counter electrode of the
trilayer was etched through the Al2O3 and approximately 50 nm into the Nb base electrode
to form Josephson junctions and vias. A 40 nm thick layer of Nb2O5 was grown on the top
surface of the trilayer, and then the base electrode was patterned by reactive ion etching.
The pattern was filled with 150◦ C plasma-enhanced chemical vapor deposited (PECVD)
silicon oxide and CMP’d back to the Josephson junction counter-electrode, removing the top
layer of Nb2O5. The first wiring level of 100 nm of Nb was sputter deposited, patterned, filled
with silicon oxide and planarized, a Au/Pd resistor layer (8 Ohms/square) was deposited
and patterned by liftoff, a 100 nm thick 150oC oxide was deposited and patterned for vias,
and a 200 nm thick Nb second wiring layer was sputter deposited and patterned by RIE to
complete the devices. Several iterations of design, fabrication, and test were performed. In
the final run, which we report on here, there was poor conductance between the first wiring
and shunt levels. This required remedial “band-aid” structures of Nb to be added to make
contact between the top of the first wiring level and the top of the shunt resistors. These
band-aids provided extra topography, which tended to cause shorts through the intermediate
insulating layer to the second wiring level, reducing our overall yield. Nevertheless, the
process resulted in yields of 50% on the wafer that was most extensively tested (see Sec.
IV A). Finally a 10 µm deep etch of the silicon wafers was performed, with care to keep
within the thermal budget of the process. This allowed close alignment between the sample
surface and the pickup loop without further processing of the SQUID sensors.
IV. DEVICE CHARACTERISTICS
A. Electrical characteristics
Figure 9 displays typical electrical characteristics of our susceptometers, measured at
4.2 K. Fig. 9 (a) shows current-voltage characteristics for selected currents through the
16
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FIG. 9. Susceptometer electrical characteristics: (a) shows the current-voltage characteristics of a
SQUID with an inner pickup loop diameter of 6 µm measured at 4.2 K for various fixed currents
applied to the modulation coil, corresponding to an applied flux ranging from 0.5 Φo to 1.2 Φo
in increments of 0.05 Φo. (b) shows the voltage as a function of applied flux measured at various
fixed applied currents through the SQUID. The applied currents ranged from 33.3 µA to 80 µA in
increments of 0.33 µA. (c) is a mapping of current-voltage measurements in applied flux ranging
from -1.2 Φo to 1.2 Φo. The measurements were performed by measuring the voltage as a function
of the current through the SQUID at various fixed values of the applied magnetic flux. The applied
flux ranged from -1.2 Φo to +1.2 Φo. The value of the voltage is indicated by the color scale, which
ranges from -60 µV to 60 µV. (d) shows the derivative with respect to the current, dV/dI , for the
data shown in (c).
modulation coil. The modulation period is 0.15 mA, corresponding to a mutual inductance
between the SQUID and modulation coil of 14 pH. The maximum in critical current was
typically offset at random from zero flux, which we attribute to flux trapping. The maximum
critical current of 45 µA is close to the design value of 50 µA (25µA/junction). Of the
150 SQUIDs characterized on one of the 7 wafers completed, 65 were good, as judged by
a measurable critical current and modulation by both field coils, representing a yield of
43%. The critical currents of the susceptometers were independent of the pickup loop radii
with a maximum value of 39.7 ± 8.5 µA. The modulation depths (Ic,max − Ic,min)/Ic,max
were 0.51±0.01 for the 0.2, 0.6, and 2 µm pickup loop SQUIDs, and about 0.35±0.03 for
the 6 µm SQUIDs. The average normal state resistances of the susceptometers were 1.1
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± 0.3 Ω. Table I lists the self-inductances for the SQUIDs, as a function of pickup loop
inner diameter, inferred from the critical currents and modulation depths from standard
SQUID theory,33. The inductance values for the three smallest pickup loop SQUIDs are
comparable to our estimate of 50 pH from the design geometry, but the values for the 6 µm
pickup loop SQUIDs are surprisingly high. Two factors influence the contribution of the
pickup loops to the total SQUID inductance. One is that the kinetic inductance becomes
appreciable when the widths and thicknesses of the films making up the loops and leads
become comparable to the penetration depth. The second factor is the length of unshielded
leads. The 6 µm diameter pickup loop susceptometer has about 10 µm of unshielded leads,
in comparison with the 2 µm susceptometer, which has less than 2 microns of unshielded
leads. However, this latter factor cannot explain the anomalously high inductances inferred
for the 6 µm susceptometers. The normal state resistances of our SQUIDs correspond to
2.2 Ohms/junction. Tesche and Clarke21 estimate an optimized flux noise power floor from
thermal sources of S0Φ ≈ 8kBTL2/R, which in our case suggests a flux noise of (S0Φ)1/2 ≈
0.4µΦ0/Hz
1/2 at 4.2K. Our measured white noise floors (see Figure 10) are typically about
a factor of 6 higher than this estimate. The best measured flux noises are typically 2-3 times
higher than the Tesche-Clark estimate, so these devices display white noise somewhat higher
than anticipated.
In addition to the SQUID modulation, there are also strong step-like structures in the
current-voltage characteristics of our devices that we attribute to electromagnetic resonances
driven by Josephson oscillations.34 The combination of these resonances with standard
SQUID interference produces the complicated, but continuous and non-hysteretic current-
voltage characteristics seen in Fig. 9. Such resonances can be reduced by incorporating a
damping resistor across the coaxial leads to the pickup loops.35
A good diagnostic test of our susceptometers is to measure the mutual inductances be-
tween the field coils and the pickup loops. For example, shorts between the “band-aids” and
the second wiring level are difficult to detect in IV measurements, but become immediately
apparent in field coil/pickup loop mutual inductance measurements. Table I displays various
parameters for the 4 pickup loop/field coil pairs reported in this paper. Here di and do are
the inner and outer diameters of the pickup loop and field coil, and w is the width of the
upper shield where the leads connect to the pickup loop. The column labeled “Analytical
M” is the mutual inductance between the pickup loop and field coil calculated using the
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FIG. 10. Noise at 4 K for a 2 µm inside diameter SQUID susceptometer. The white noise floor is
about 2.7 µΦ0/Hz
1/2, with a 1/f noise tail below 50 Hz. Our white noise floors varied between 2-4
µΦ0/Hz
1/2 depending on the particular device tested and bias conditions.
TABLE I. Pickup loop/field coil pairs
Pickup loop Field coil Shield Analytical Numerical Measured Measured
di(µm) do(µm) di(µm) do(µm) w(µm) M (Φ0/A) M(Φ0/A) M(Φ0/A) L(pH)
0.2 0.6 1 2 0.65 112.5 51 69±7 42±1
0.6 1 2 3 0.77 173 188 166±4 43.2±1.6
2 3 5 7 1.22 555 728 594±24 40.4±1.5
6 7 12 16 1.56 1470 - 1598±47 90.5±8
formula
M =
µ0
bΦ0
[
pia2/4 + w2/3
]
, (21)
where a and b are the effective diameters deff =
√
(d2in + d
2
out)/2 of the pickup loop and
field coil respectively. The second term in brackets in Eq. 21 represents redirection of flux
into the pickup loop from the shield. The analytical formula overestimates the redirection
of flux into the pickup loop by the shield for the smallest pickup loop susceptometer. The
“Numerical M” values, calculated as described in Sec. II C 3, did not converge for the 6
µm inside diameter pickup loop susceptometers because there were too few vertices in the
Delauney triangulation. The “Analytical M” calculations are in reasonable agreement with
experiment except for the smallest pickup loop susceptometers, while the “Numerical M”
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calculations are high by about 20% except for the smallest pickup loop susceptometers. The
“Measured L” column represents self-inductance derived using standard SQUID theory33
from measurements of the critical current and modulation depth.
The critical current of one of our 2µm inside radius susceptometers was 44 mA. This
corresponds to a critical current density of 2.75×107A/cm2, in line with literature values? , if
we scale them down to our 1 µm linewidth for this field coil. There was no detectable change
in the noise of this susceptometer as a function of field coil current up to the critical current.
Since the peak z-component of the magnetic field produced by this field coil is 0.2T/A, the
largest field that can be applied by the 2µm inside pickup loop radius susceptometer is about
9 mT. Our susceptometers are relatively insensitive to uniform magnetic fields: one of the
2 µm inside diameter pickup loop susceptometers had an effective pickup area to a uniform
field perpendicular to the device plane of 5.3 µm2, and no detectable change in its white
noise floor, albeit an increase by a factor of 2 in the noise at 20 Hz, in perpendicular fields
up to 1.4 mT.
B. Imaging tests
We have tested the response of our 0.2 µm inside diameter pickup loop SQUID suscep-
tometers to magnetic sources by imaging nanomagnets, superconducting vortices and lines
of current, and tested our susceptibility response using a superconductor.
1. Magnetometry
Figure 11 displays scanning magnetometry images of 3 nanomagnets with different ori-
entations of their magnetic moment. Parameters for these nanomagnets are given in Table
II. Nanomagnet a has the composition Ta(3)/Pt(5)/[Co(0.3)/Pt(1)]x5/Co(0.3)/Pt(4) (the
numbers in parentheses are thicknesses in nm), and is magnetized primarily normal to the
surface of the sample. Nanomagnets b and c are composed of CoFeB(4)/Pt(4) and are mag-
netized primarily in-plane. The solid lines in Fig. 11 (d)-(f) are cross-sections through the
images in Fig. 11(a)-(c) as indicated by the dashed white lines.
The circles in Fig. 11 (d)-(f) represent fits to the model described in Section II C 2, using
Ha(~rj) = m(3zj(xj sin θ cosφ+ yj sin θ sinφ+ zj cos θ)/r
5
j − cos θ/r3j )/4pi (dipole) (22)
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(a)	 (b)	 (c)	
(d)	 (e)	 (f)	
FIG. 11. Scanning SQUID magnetometry images of nanomagnets taken with a 0.2 µm inside
diameter pickup loop susceptometer: (a) a nanomagnet with polarization perpendicular to the
scan plane, (b) with polarization in plane (nearly) parallel to the pickup loop leads, and (c) with
polarization in-plane at 56 degrees to the leads. The solid lines in (d)-(f) are cross-sections through
the magnetometry images as indicated by the white dashed lines in (a)-(c). The red circles are
numerical modeling as described in the text.
in Eq. 13 for a point dipole field source with moment m, with the fitting parameters θ, φ,
N = m/µB the number of Bohr magnetons in the nanomagnet, and h the spacing between
the nanoparticle and the surface of the W2 shield. The fit values for N (see Table II)
are significantly below the values calculated from the measured saturation magnetization of
blanket films and the known volume of the nanomagnets , indicating that the moments are
not completely aligned. We did not magnetize these samples in a high magnetic field before
mounting them in the SQUID microscope. These nanomagnets did, however, enable us to
demonstrate the spatial resolution of our susceptometers.
The nanomagnet in Fig. 11a generates a peak flux of 0.1 Φ0 through our 0.2 µm inside
radius susceptometer, and has a fit value for N = 89 ± 13 × 106µB. Assuming a white
noise floor of 2.7×10−6Φ0/Hz1/2, this corresponds to a spin sensitivity of 2400 µB/Hz1/2.
It has become traditional to express the spin sensitivity Sn of small SQUIDs using a simple
model proposed by Ketchen,14 in which one calculates the flux from a point dipole source
through a narrow wire loop with an effective size. For example, the spin sensitivity of a
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square superconducting loop of side L becomes?
S1/2n =
S
1/2
Φ piL
2
√
2µ0µB
, (23)
where SΦ is the magnetic flux noise power spectral density. This would correspond to a
spin noise of 170 µB/Hz
1/2 for our flux noise and smallest pickup loop dimensions, if we
use the geometric mean diameter for the characteristic pickup loop size. The discrepancy
between these two estimates indicates that care should be taken when using simple formulas
for estimating spin sensitivities.
Nanomagnet A B t Ms Calc. N Fit N Fit h
(nm) (nm) (nm) 106(A/m) 106µB 10
6µB µm
a 250 250 6.5 0.65± 0.03 89± 13 32 + 9− 6 -0.06+0.05-0.02
b 125 62 4 2.2± 0.1 23± 3 5.0± 0.9 0.09+0.04-0.02
c 125 62 4 2.2± 0.1 23± 3 5.5± 1.3 0.07+0.14-0.05
TABLE II. Parameters of the nanomagnets imaged in Fig. 11. The first column corresponds to the
labeling in Fig. 11. A and B are the design semi-major and semi-minor axes respectively of the
elliptically shaped nanoparticles, t is the magnetic thickness and Ms is the saturation magnetization
at 4.2 K. The “Calc. N” values are calculated from N = piABtMs/µB. The “fit N” and h values
are from fits to the data as described in the text. Here h is the spacing between the top surface of
the susceptometer shield layer W2 and the nanomagnet, assumed to be a point dipole source.
Figure 12 (a) is a magnetometry image, with a separation between SQUID and sample of
about 0.1 µm, of a superconducting vortex trapped in a 0.4 µm thick Nb film at 4.2K. The
solid line in Fig. 12 (b) is a cross-section along the dashed line in Fig. 12 (a). The circles
in Fig. 12 (b) represent a fit of the model of Section II C 2, with
Ha(~rj) =
Φ0zj
µ0r3j
(vortex) (24)
in Eq. 13 and with a single fit parameter h = 0.12± 0.02µm - the spacing between the top
of the W2 shield layer and the surface of the sample.
Fig. 12 (c) is a cross-sectional image of a 0.8µm wide current-carrying Pt thin film
wire composed of a 3 segment loop, with two long segments in the x-direction connected
by a segment 200 µm long in the y-direction, imaged in contact. The solid line in Fig.
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FIG. 12. (a) Magnetometry image of a superconducting vortex. (b) The solid line is a cross-section
along the dashed line in (a). The circles are a fit to the data. (c) Magnetometry signal from an 0.8
µm wide current carrying strip, with diagram showing the experimental geometry. (d) The solid
line is the cross-section along the dashed line in (c). The circles are the predictions of the model
of Section II C 2.
12 (d) is a cross-section along the dashed line in Fig. 12 (c). The circles in Fig. 12 (d)
represent a calculation of Sec. II C 2 for an infinitely narrow wire carrying current I using
the Biot-Savart law for the source field in Eq.13:
Ha(~rj) =
I
4pi
∫
zˆ · ~dl × ~rj
|rj]3 line of current (25)
In this case it was assumed that the dipole and the W2 surface were in contact. The
experimental line-width in this case is slightly broader than the calculation, perhaps because
of the finite width of the current carrying wire.
As mentioned above, some of the spacings derived from our fits are smaller than is
physically reasonable. For example, the fit value of h for nanomagnet a is negative: implying
that the dipole source is inside the susceptometer shield. Also, the fit heights for the vortex
of Fig. 12 are smaller than one would expect, given that vortex fields should spread at the
surface of a superconductor as if the monopole source is a penetration depth λ ≈ 0.1µm
below the surface of the superconductor. Nevertheless, the good agreement between the
experimental and calculated cross-section line-shapes gives us confidence that we have a
nearly quantitative understanding of the magnetic field response of our susceptometers.
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2. Susceptibility
Our smallest pickup loop devices have higher spatial resolution for susceptibility as well
as for magnetometry. Examples are shown in Figure 13. Figure 13(a) displays susceptibility
data of the pickup loop/field coil region of one of our 2 µm inside radius pickup loop devices
taken with our smallest pickup loop SQUID, at 4.2K, with 1 mA current through the sensor
field coil, and with the sensor scanning in contact with the sample. Figure 13(b) displays
the layout of the sample for comparison. The Nb film making up the pickup loop, which is
0.5 µm wide, is not quite resolved in this image. Figure 13(c) shows a susceptibility image
(taken under the same conditions as (a)) of a 6 µm wide square Nb “pillar”. These pillars,
composed of all of the layers in Fig. 8, are about 750 nm high. They are used as fill to make
the chip flat on average over a scale of a few tens of microns to assist in the CMP steps.
The step in susceptibility indicated by the dots in Fig. 13d has a 10% to 90% width of
about 1 micron. The solid line in Fig. 13d is modeling as outlined in Sec. II C 3, assuming
a penetration depth for the pillar of 0.08 µm, and with the spacing h between the pillar
and the W2 surface of the susceptometer as a fitting parameter. The displayed best fit was
for h = 0.8 µm. This value is larger than seems reasonable from other measurements and
the sample-sensor geometry. In addition, the calculated cross-section is slightly broader,
and with a more pronounced overshoot, than the experiment. These discrepancies may be
related to the finite height of the Nb pillar. The full width of the 10% to 90% transition
width was 1 µm wide, significantly narrower than the 2 µm full width at half maximum of
the calculated field coil fields (see Fig. 7), making it appear that the spatial resolution in
susceptibility is determined primarily by the pickup loop size, as opposed to the field coil
size.
V. CONCLUSIONS
In conclusion, we have used a tri-layer niobium, fully planarized process with 0.2 µm
linewidths and spacings, and a deep etch step, to fabricate scanning SQUID susceptometers
with demonstrated sub-micron spatial resolution. These devices have pickup loops inte-
grated into the body of the SQUID through well shielded, low inductance leads, integrated
modulation coils for flux feedback, integrated field coils for spatially localized susceptibility
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FIG. 13. Susceptibility data taken with our 0.2µm inside diameter pickup loop susceptometer.
(a) Susceptibility image of the pickup loop/field coil region of a 2 µm inside diameter pickup loop
susceptometer. (b) Layout for comparison with (a). (c) Susceptibility image of a 6 µm diameter
square niobium pillar. (d) The dots are a cross-section along the dashed line in (c). The solid line
are calculations as described in Sec. II C 3.
measurements, and are fabricated using batch processing that produces tens of thousands
of devices.
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